The authors quantify the impact of the pinning potential on the current driven domain wall depinning process in wires with spin valves having perpendicular magnetic anisotropy. By artificially controlling the strength of the pinning field H p , the threshold current J th is found to decrease when reducing H p . In addition, the efficiency of the depinning process is observed to correlate with the polarization and the damping parameter of the magnetic layer. This suggests that the engineering of pinning sites together with well suited materials provides a pathway for efficient current-induced domain wall manipulation in films with perpendicular anisotropy. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2450664͔
Although current driven domain wall ͑DW͒ motion has now been reported in many experiments [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and discussed in various theories, [14] [15] [16] [17] [18] little experimental attention has been paid to the underlying origin of the threshold current J th that is of crucial interest for low current applications to memory and sensor devices. 19 As pointed out by Tatara and Kohno, 14 in the limit of weak pinning and thick DWs, J th is expected to be proportional to the hard-axis anisotropy K Ќ . This has been demonstrated recently by Yamaguchi et al. 12 for inplane magnetized NiFe wires where the shape anisotropy was systematically varied and by other experiments 13 showing that J th does not depend significantly on pinning. For stronger pinning and/or narrow DWs, the threshold current is found 14 to be determined by the pinning potential ͑e.g., intrinsic pinning sites, constrictions, and edges roughness͒. Recently Thiaville et al. 15 demonstrated that J th originates from pinning only when including a nonadiabatic contribution in the Landau-Lifshitz-Gilbert equation.
To gain a better understanding of J th requires modifying in a controlled and systematic way not only the pinning potential but also factors such as the polarization, damping, and DW width of the magnetic layer that may influence the efficiency of the depining process. In this letter, we report experimental determination of the J th while artificially varying the strength of the pinning field H p and by using two materials with different spin transfer efficiencies. For this we use films with perpendicular magnetic anisotropy ͑PMA͒. They exhibit narrow one-dimensional ͑1D͒ DWs that strongly interact with defects, giving rise to a very rich current-induced thermally activated depinning regime, as shown recently. 9 The films used in this study are spin valve structures based on either Co/ Pt ͑structure I͒ or Co/ Ni ͑structure II͒ multilayers with PMA, as shown schematically in Fig. 1͑a͒ .
Structure I consists of a Si/ Si 3 N 4 / Pt͑1 nm͒ / Au͑20 nm͒ / Pt͑5 nm͒/reference layer/Cu͑6 nm͒/free layer/Pt͑3 nm͒ multilayer film. 9 The reference layer is a ͓Co͑0.5 nm͒ / Pt͑1 nm͔͒ 4 / Co͑0.5 nm͒ with high anisotropy ͑Ͼ10 7 ergs/ cm 3 ͒, while the free layer is a single Co͑0.5 nm͒ film exhibiting a lower PMA ͑ϳ6 ϫ 10 6 ergs/ cm 3 ͒. Structure II is Si/ Si 3 N 4 / Pt͑1.5 nm͒/reference layer/Cu͑4 nm͒/free layer/Pt͑3 nm͒. 20, 21 The reference layer is a composite of Co/ Pt and Co/ Ni multilayers ͓Co͑0.25 nm͒ / Pt͑0.5 nm͔͒ 5 / Co͑0.2 nm͓͒/Co͑0.1 nm͒ / Ni͑0.6 nm͔͒ 2 / Co͑0.1 nm͔͒ to enhance the perpendicular anisotropy, and the free layer is a ͓Co͑0.1 nm͒ / Ni͑0.6 nm͔͒ 4 / Co͑0.2 nm͒ multilayer exhibiting PMA of the same order than the free layer of structure I. We find that use of Co/ Ni magnetic multilayers ͑structure II͒ provides perpendicular anisotropy with higher giant magnetoresistance ͑GMR͒ ratios and spin-torque efficiencies when compared to Co/ Pt multilayers ͑structure I͒. 20 In both cases the reference layers have a much higher anisotropy and coercive field than the free layers. All experiments were performed in field ranges where only the free layer reverses. As illustrated in Fig. 1͑b͒ , high quality of 100 m long, 0.2-1 m wide wires were fabricated by means of electron beam lithography and ion milling. Along the wire there is a series of Hall crosses. A large reservoir at the end of the magnetic wire is used to inject a single DW within the free layer into the wire. DW motion has been detected via both the GMR of the wire and extraordinary Hall effect ͑EHE͒ ͓see Ref. 9 for details͔ at the crosses. The GMR and EHE have been measured using a high sensitivity ac ͑ϳ10 A͒ Wheatstone bridge with the magnetic field H a applied perpendicular to the film. The dc current has been injected by using a bias T. As suggested by measurements on individual films, the current density has been calculated assuming independent conduction between the Au and the spin valve stack a͒ Electronic mail: dafine.ravelosona@ief.u-psud.fr in structure I ͑Ref. 9͒ and by considering a homogeneous flow in structure II. The possible shunting by the Cu in both structures has been neglected.
DWs in the free layer of structures I and II can be treated as 1D Bloch walls with a typical width ⌬ ϳ 10 nm. We previously demonstrated 9 that DWs can be topologically pinned when crossing a Hall cross due to a bubblelike bending. With a 1D Bloch DW, this behavior leads to a topologically induced pinning field H top ͑w͒ = ͑ / wM S ͒ at the center of the Hall cross, w being the wire width, M s the saturation magnetization, and the wall energy. The total pinning field in the Hall cross for the bent DW is H p ͑w͒ = H pi + H top ͑w͒, where H pi is the intrinsic pinning field of the unpatterned film due to homogeneously distributed structural defects. Thus, by varying the width w of a Hall cross ͑0.2, 0.5, and 1 m͒ in a same Co/ Pt ͑structure I͒ sample, we have artificially controlled the strength of the pinning field H p . This is illustrated in Fig. 2͑a͒ where time resolved EHE resistance at constant net field acting on the free layer H free is shown. We observe a systematic increase of the depinning time when the wire width is reduced. The value of H p is then determined by measuring the time of depinning as a function of the H free for each wire. This response is well described by the classical Arrhenius behavior ͑H free ͒ = 0 exp͓E͑H free / k B T͔͒ with E͑H free ͒ =2M S V͑H p − H free ͒, where 0 is an intrinsic depinning time ͑approximately nanoseconds͒ and k B T the thermal energy. Figure 2͑b͒ shows the expected 1 / w variation with the pinning field varying from 400 to 150 Oe for w = 0.2 and 1 m, respectively. The slope of the fit is found to be very close to the expected / M S ϳ 5 ϫ 10 3 Oe/ nm value ͑ =5 ϫ 10 6 ergs/ cm 2 and M S = 1500 emu/ cm 3 ͒, and we find H p ͑1/w → 0͒ϳ106 Oe which is consistent with the value of H pi found in our unpatterned films.
Using the procedure described in Ref. 9, we measured the threshold current density J th as a function of w. The sample is first prepared with a DW pinned at the center of the cross CD ͓see Fig. 1͑b͔͒ where the pinning strength is H p ͑w͒, and then the current I ͑here the electrons flow from contact A to B is increased in steps of 0.1 mA in typical time intervals of ⌬t =1 s͒. The motion of the DW in the Hall cross is determined from the value of the EHE resistance. We find that under the influence of the critical current density J th the DW is always depinned from the center to the output of the cross in the same direction as the electron flow. 22 Figure 3 shows that the threshold current J th decreases when reducing H p , leading to a value of J th ϳ 5 ϫ 10 6 A / cm 2 for the lowest H p . This shows that the threshold current density can be decreased by the reduction of the "extrinsic" pinning field. Interestingly, note that by extrapolating the linear behavior to H p = 0, we find J th ϳ 0. These features are consistent with the theoretical prediction for a pinning dominated mechanism 14, 18 due either to the strong pinning in our films or the narrow DW width. This is also consistent with a recent study, 9 where nanometer scale observation of thermally as-FIG. 1. ͑a͒ Schematic of the two different multilayer structures used in this experiment. ͑b͒ Scanning electron microscopy image of the magnetotransport device used in the experiments. The current is injected between electrodes A and B and the DW motion is detected by means of EHE in the two magnetic crosses and GMR of the wire. FIG. 2 . ͑a͒ Typical EHE measurement as a function of time at constant field for different wire widths for structure I. Under H free = 60 Oe, the DW propagates from the input of the cross ͑1͒ by discrete jumps of about 10 nm until it is pinned at the center of the cross ͑2͒. The DW later becomes depinned from the center to the output of the cross ͑3͒ at a later time indicated by the jump in the EHE signal. The depinning time ͑H free ͒, is given by the plateau region. ͑b͒ The pinning field H p as a function of the wire width deduced from the field dependence of the pinning time, as measured in ͑a͒.
sisted current driven depinning in a 200-nm-wide wire made from the same Co/ Pt multilayer was reported. The time of depinning as a function of the net field H free and current density J was found to follow an Arrhenius law ͑H free , J͒ = 0 exp͓E͑H free , J͒ / k B T͔, where E͑H free , J͒ is the energy barrier given by
and A is a parameter related to the spin transfer mechanism and V is the activation volume. This expression simply shows that in this thermally activated regime, the depinning threshold is governed by H p − H J , where H J = ͑A /2M S V͒J is an effective perpendicular field opposing H p . As demonstrated in our previous studies in current perpendicular to plane ͑CPP͒ nanopillars, 20 Co/ Ni multilayers exhibit higher GMR ratios and spin-torque efficiencies when compared to Co/ Pt multilayers. We then may expect currentinduced DW motion mechanisms to be affected when using Co/ Ni multilayers. Figure 4 shows ln ͑J͒ / ͑J =0͒ versus the current density J for a wire width w = 200 nm fabricated in structures I and II. The measurements have been realized at different magnetic fields for both structures. However, since we have found that the parameters A and V do not depend on either J or H, the linear behavior indicated in Fig. 4 allows determining directly the parameter A for the two structures. The strongest influence of the current is observed for the Co/ Ni sample. From the fit to the experimental curves using Eq. ͑1͒, we deduced A͑CoNi͒ =3A͑Co/ Pt͒ which shows a higher spin transfer efficiency in CoNi structures for currentinduced DW depinning process. From Eq. ͑1͒, the critical current at T = 0 K is given by J th = H p ͑2M S V / A͒. It is then anticipated from recent theories 14, 18 that A should depend on the DW width , the damping constant ␣, and the current polarization p. We expect J th to decrease when decreasing or ␣ or by increasing p. Here, the Co/ Pt and Co/ Ni free layers exhibit similar anisotropy fields, M S values, and DW widths. The higher efficiency measured here is then consistent with our previous studies on CPP nanopillars 20 that suggested for Co/ Pt a lower p / ␣ ratio as compared to the Co/ Ni samples.
In conclusion, controlled manipulation of the pinning potential in wires with perpendicular anisotropy indicates that the critical current density for DW depinning process under spin transfer strongly depends on the strength of the pinning and the polarization and damping of the material. This suggests that a precise engineering of the pinning barrier together with more efficient materials can further decrease the critical current densities for domain wall manipulation in nanostructures. However, care will be required to design sufficient pinning potential to avoid thermal stability issues in very small elements. 
